Introduction {#Sec1}
============

Selenium (Se) is an essential nutritional trace element, which is best known for its antioxidant properties that are mediated by various selenoproteins. At least 25 selenoproteins in humans and 24 homologues in rodents have been identified \[[@CR1]\]. They play important roles in diverse physiological processes such as chemoprevention, neurobiology, aging, immunity (i.e., immune responses, anti-inflammatory activity and antiviral activity), muscle metabolism, reproduction, and redox reactions \[[@CR2]\]. The synthesis of selenoproteins is affected by levels of Se supplementation. Broadly, the field of biological Se research can be divided into two distinct areas: study of the Se nutritional essentiality and study of Se toxicity \[[@CR3]\].

Both excessive and insufficient Se intake can result in adverse health effects \[[@CR4]--[@CR7]\]. There are numerous reports regarding the effects of Se deficiency. Gastrointestinal glutathione peroxidase (GI-GPx/GPx2) mRNA increases in Se-deficient mice \[[@CR8]\], whereas GPx isoform 4 (GPx4) mRNA decreases substantially in Se-deficient turkey liver \[[@CR9]\]. The levels of GPx isoform 1 (GPx1), selenoprotein W (SelW), and selenoprotein H (SelH) are dramatically decreased in Se-deficient, compared to Se-replete, rats \[[@CR10]\]. Severe Se deficiency causes almost total loss of GPx1 activity and mRNA in the rat liver and heart, while GPx4 activity is reduced by 75 % in the liver and 60 % in the heart, leaving mRNA levels unchanged \[[@CR6]\]. Liver Se concentration and liver GPx1 and thioredoxin reductase (Txnrd) activities were reduced in Se-deficient mice compared to Se-adequate mice \[[@CR11]\].

Several groups have also examined the effects of excess Se intake. At high concentrations, selenite is known to induce apoptosis in cells by a mechanism involving free radicals \[[@CR12]\]. Further, Se and GPx levels are increased in animals treated with an excess of Se \[[@CR13]\]. GPx mRNA levels and activities were significantly increased in rats injected with 20 mg Se/kg per day, but dramatically decreased upon injection of 40 or 80 mg Se/kg per day \[[@CR4]\]. GPx4 mRNA level in chicken was down-regulated by an excess of Se \[[@CR14]\]. When dietary Se is increased from 0.3 to 3.0 mg Se/kg, testicular mRNA levels of Txnrd1 and selenoprotein 15 (Sep15) are attenuated, whereas expression of Gpx1 is increased in the pig liver \[[@CR15]\]. A significant decrease in total superoxide dismutase (SOD) activity has been reported in animals with both excess and depleted Se \[[@CR16]\].

The above results show that Se supplementation in animals has been extensively studied. There is evidence to suggest that excess selenite and selenomethionine \[[@CR17], [@CR18]\] can impair the amount and/or activity of biological antioxidant defense mechanisms by generation of oxygen-free radicals \[[@CR19]\]. The Nutritional Prevention of Cancer Trial found that Se supplementation increased the risk of squamous cell carcinoma, total cancer incidence, and diabetes in subjects with higher plasma Se levels \[[@CR20]\].

Despite this, little information is available on the effects of Se overexposure on GPx and SelW1 gene expression in mice. Examining the modulation of selenoprotein expression upon Se exposure may help elucidate the molecular mechanisms underlying Se toxicity. The aim of this study, therefore, was to analyze the effects of varying the levels of dietary exposure to Se on antioxidant capacity, as measured by GPx and SelW gene expression, and evaluate the dose-dependent effect of dietary supplementation containing a range of Se levels on regulation of redox status in different mouse tissues.

Materials and Methods {#Sec2}
=====================

Animals and diets {#d30e321}
-----------------

All experimental protocols were approved by the ethics committee of South China Agricultural University. A total of eighty 7-week-old male BALB/c mice (Certification no. L3623, Medical Experimental Animal Center of Guangdong Province, Guangzhou) with an average body weight (BW) of 20 g were assigned to four groups, each of which was replicated twice with ten mice per replicate. Mice in Group 1 were fed a basal diet containing 0.045 mg Se/kg, while mice in Groups 2, 3 and 4 were fed the basal diet supplemented with 0.055, 0.355, and 0.755 mg Se/kg, respectively. Thus, the final concentrations of Se used in this work were 0.045, 0.1, 0.4, and 0.8 mg/kg. The basal diet was calculated to be adequate in protein, energy, vitamins, and minerals for this class of animal, except for Se content (0.045 mg/kg). The total test period was 56 days. All mice were fed with the same basal diet for 7 days to adjust the Se status and to adapt to the new environment before the experimental period.

Excretion and tissue sampling {#d30e326}
-----------------------------

Mice were housed in metabolic cages. Ten mice from each treatment group were selected, fasted for 12 h, and then tissues and fluids were harvested at the end of the experiment under general halothane anesthesia. All blood samples were collected in sterile tubes to assay serum biochemical parameters as described below. Samples of liver, kidney and testes were excised from individual mice, weighed immediately in an aseptic environment, then frozen in liquid nitrogen and stored at −80 °C until analysis. In this process, segmental samples of liver were weighed, homogenized on ice using a glass-Teflon homogenizer (K5424, Glas-col; Terre Haute, IN, USA), and centrifuged at 3,000×*g* for 10 min at 4 °C. Supernatants were used immediately for further biochemical assays, and protein concentrations were determined with the Bradford assay \[[@CR21]\] using bovine serum albumin as a protein standard.

Determination of biochemical parameters {#d30e337}
---------------------------------------

Biochemical parameters, including serum aspartate aminotransferase (AST), alanine aminotransferase (ALT), blood urea nitrogen (BUN) and serum creatinine (SCr), were determined with the CX-4 Auto-Blood Biochemical Analyzer (Beckman Coulter Inc.; Brea, CA, USA). Activities of redox enzymes (GPx, SOD, glutathione reductase (GR), catalase (CAT), and levels of malondialdehyde (MDA) in the liver were determined using reagent kits from the Nanjing Jiancheng Bioengineering Institute (Nanjing, China). The detection range of the kits was 0.2--1000 U/mL, the lower limit of detection was less than 0.1 U/mL, and the inter-assay and intra-assay variation coefficients were 8 and 5 %, respectively. All samples were tested in duplicate.

Assay of Se content in tissues {#d30e342}
------------------------------

Tissue samples were digested with 5:1 HNO~3~/H~2~O~2~ in separate series. The digestions were carried out according to the program given in Table [1](#Tab1){ref-type="table"}. The microwave digests were cooled to room temperature, which were accelerated by immersing the segments (vial holders) into an icy water bath. Volumes of the digests and reagent blanks were then adjusted to 10.0 mL with ultrapure water. The working solution was prepared in 3.0 M HCl and Se was directly measured with hydride generation-atomic fluorescence spectrometry (AFS-9130, Beijing Titan Instruments Co., Ltd.; Beijing, China). The primary standard Se (IV) solution of 1000 mg/L was prepared in 3.0 M HCl from SeO~2~ (99.8 %; Aldrich Chemical Co.; Milwaukee, WI, USA) and stored in a refrigerator at 4 °C. This solution is stable for at least 12 months.Table 1Low volume microwave digestion program used for digestion of biological samplesStepTemperature (°C)Ramp (min)Hold (min)120 → 80100280 → 140603140 → 2104042100155Vent020

Determination of selenoprotein mRNA levels in tissues {#d30e455}
-----------------------------------------------------

Total RNA was isolated from tissue samples using Trizol reagent (Invitrogen; Carlsbad, CA, USA), according to the manufacturer's instructions. RNA concentration was determined by measuring the absorbance at 260 nm. Subsequently, 2 μg of RNA was treated with DNase prior to reverse transcription to cDNA using a PrimeScript RT Reagent Kit (Takara; Dalian, China). The cDNA samples were stored at −20 °C.

To measure the mRNA levels of GPx isoforms 1, 3, and 4 (GPx1, GPx3, and GPx4), and SelW, real-time quantitative reverse transcription-polymerase chain reaction (qRT-PCR) was performed using a 7500 Real Time PCR System (Applied Biosystems; Carlsbad, CA, USA) and SYBR® Premix Ex TaqII Kit (Takara; Dalian, China). The volume of each PCR reaction was 25 μL, which included 2 μL cDNA, 12.5 μL SYBR® Premix Ex TaqII, 1 μL PCR forward primer, 1 μL PCR reverse primer, and 8.5 μL ddH~2~O. Beta-actin was used as the internal control gene, and the information for all primers is listed in Table [2](#Tab2){ref-type="table"}. All data were normalized to the internal control beta-actin and relative expression levels were calculated using the 2^−△△Ct^ method.Table 2qRT-PCR Primers for selenoproteins used in the present studyGenePrimer sequenceOriginal published sequence (Genbank accession no.)ProductBeta-actinForward: 5′-AGCCATGTACGTAGCCATCC-3′NM_007393228 bpReverse: 5′-CTCTCAGCTGTGGTGGTGAA-3′GSH-Px1^a^Forward: 5′-GGTTCGAGCCCAATTTTACA-3′NM_008160199 bpReverse: 5′-CCCACCAGGAACTTCTCAAA-3′GSH-Px3^b^Forward:5′-GATGTGAACGGGGAGAAAGA-3′NM_008161152 bpReverse: 5′-CCCACCAGGAACTTCTCAAA-3′GSH-Px4^c^Forward: 5′-CTCCATGCACGAATTCTCAG-3′NM_008162117 bpReverse: 5′-ACGTCAGTTTTGCCTCATTG-3′SepW^d^Forward: 5′-CCCAAGTACCTCCAGCTCAA-3′NM_009156147 bpReverse: 5′-GCCATCACCTCTCTTCTTGG-3′^a^Glutathione peroxidase 1 (GSH-Px1)^b^Glutathione peroxidase 3 (GSH-Px3)^c^Glutathione peroxidase 4 (GSH-Px4)^d^Selenoprotein W (SepW)

Statistical analysis {#d30e608}
--------------------

Results were analyzed by one-way analysis of variance (ANOVA), followed by a multiple comparison test (least square difference; LSD). Statistical analyses were performed using SPSS statistical software (version 18.0; SPS, Chicago, IL, USA). All data are presented as means ± SEM. *P* values less than 0.05 were considered to be statistically significant.

Results {#Sec3}
=======

Organ weight and Se deposition {#d30e619}
------------------------------

During the experimental period, addition of Se to the diet noticeably increased liver organ index in mice treated with 0.4, 0.8, or 0.045 mg Se/kg, compared to mice treated with 0.1 mg Se/kg (*P* \< 0.05; Table [3](#Tab3){ref-type="table"}). A greater increase in kidney organ index was observed in mice dosed with 0.8 mg Se/kg compared with those receiving 0.045 or 0.1 mg Se/kg.Table 3Effects of dietary selenium at different doses on weight and Se deposition of body composition in male BALB/c mice (*n* = 10)Items0.045 mg/kg0.1 mg/kg0.4 mg/kg0.8 mg/kgOrgan index  Liver5.70 ± 0.085.32 ± 0.28a5.82 ± 0.45b5.74 ± 0.23b  Kidney1.51 ± 0.09a1.58 ± 0.08a1.56 ± 0.08a1.68 ± 0.09bSe deposition  Liver (μg/g tissue)0.61 ± 0.02a0.83 ± 0.07b1.30 ± 0.03ab1.56 ± 0.03c  Kidney (μg/g tissue)0.88 ± 0.02a0.90 ± 0.03a1.35 ± 0.02b1.57 ± 0.03abWithin each row, mean values between columns with different superscripts (a, b and c) are different at *P* \< 0.05 unless otherwise stated (treatment effects). Organ index = (organ weight/body weight) × 100 %

Deposition of Se in the liver and kidneys increased significantly (*P* \< 0.05) with increasing amounts of dietary Se (Table [3](#Tab3){ref-type="table"}). In addition, Se deposition in the kidneys did not differ between mice receiving dietary supplementation with 0.045 or 0.1 mg Se/kg.

Serum biochemistry {#d30e750}
------------------

Treatment with an oral dose of 0.4 or 0.8 mg Se/kg significantly (*P* \< 0.05) increased levels of BUN and SCr, indicating kidney toxicity, and significantly (*P* \< 0.05) increased serum levels of AST (*P* \< 0.05), demonstrating that liver function was adversely affected (Table [4](#Tab4){ref-type="table"}). Under the same experimental conditions, treatment with 0.045 mg Se/kg did not change the serum levels of any of the biochemical parameters measured, with the exception of BUN, which increased significantly compared to that in mice treated with 0.1 mg Se/kg (*P* \< 0.05). No significant changes in ALT were observed in male mice treated with dietary Se at any of the administered doses.Table 4Effects of dietary selenium at different doses on serum biochemistry in male BALB/c mice (*n* = 10)Parameters0.045 mg/kg0.1 mg/kg0.4 mg/kg0.8 mg/kgAlanine aminotransferase (ALT, IU/L)100 ± 2788.4 ± 8.595.0 ± 20.594.2 ± 25.0Aspartate transaminase (AST, IU/L)149 ± 7a144 ± 8a173 ± 6b160 ± 3bBlood urea nitrogen (BUN, μmol/L)6.73 ± 0.23b5.75 ± 0.25a6.60 ± 0.24b6.68 ± 0.29bSerum creatinine (SCr, μmol/L)37.7 ± 0.3a38.7 ± 0.8a43.6 ± 0.7b42.9 ± 0.8bWithin each row, mean values between columns with different superscripts (a and b) are different at *P* \< 0.05 unless otherwise stated (treatment effects)

Antioxidant capacity in the liver {#d30e875}
---------------------------------

Dietary Se level significantly correlated (*P* \< 0.05) with liver antioxidant parameters, with the highest level of MDA observed in mice fed a diet containing 0.8 mg Se/kg (Table [5](#Tab5){ref-type="table"}). However, activities of GR, CAT, GPx, and SOD in the liver were significantly reduced (*P* \< 0.05) in mice given the Se-excess diet compared to mice given lower amounts of Se. Treatment with dietary Se at 0.4 mg/kg did not change liver activities of antioxidant parameters, with the exception of CAT, which decreased (*P* \< 0.05), when compared with mice treated with 0.1 mg Se/kg. In addition, dietary supplementation with 0.045 mg Se/kg significantly reduced (*P* \< 0.05) liver activities of GPx in the absence of changes in activities of GR or SOD, when compared to mice treated with 0.1 mg Se/kg.Table 5Effects of dietary selenium at different doses on antioxidant capacity in male BALB/c mice (*n* = 10)Parameters0.045 mg/kg0.1 mg/kg0.4 mg/kg0.8 mg/kgMDA1.51 ± 0.16a1.68 ± 0.07a1.73 ± 0.111.96 ± 0.14bGSH-Px333 ± 14a686 ± 15ab751 ± 47ab525 ± 12bGR34.2 ± 9.546.0 ± 5.3b40.7 ± 1.6b24.0 ± 2.8aSOD781 ± 23802 ± 23b804 ± 26b757 ± 18aCAT32.6 ± 0.7a45.3 ± 4.1b30.0 ± 3.8a26.0 ± 0.2a^a,b^*P* \< 0.05*MDA* malondialdehyde, in nanomole of MDA per milligram protein; *GSH-Px*, glutathione peroxidase, in units per milligram protein; *GR* glutathione reductase, in units per milligram protein; *SOD* superoxide dismutase, units per milligram protein; *CAT* catalase, units per milligram protein

Levels of selenoprotein mRNA in different organs {#d30e1033}
------------------------------------------------

Dietary Se levels exhibited varying effects on the expression of GPx1, GPx3, GPx4, and SelW genes in different organs (Fig. [1](#Fig1){ref-type="fig"}). Analysis by qRT-PCR showed that liver GPx1, GPx3 and GPx4 mRNA levels in Se-deficient (0.045 mg/kg) or Se-excess (0.8 mg/kg) mice were decreased (*P* \< 0.0001). Additionally, in mice receiving 0.4 mg Se/kg, liver GPx3 mRNA was decreased and SelW mRNA was increased, while mRNA levels for GPx1 and GPx4 were unchanged, as compared to those in organs from mice fed Se-adequate (0.1 mg/kg) diets. Under the same conditions, there were significant increases in levels of kidney mRNA encoding GPx1, GPx3, GPx4, and SelW in the Se-supernutrition group. No significant differences among dietary groups were observed in the levels of Gpx4 mRNA in mouse testis exposed to 0.045--0.8 mg Se/kg.Fig. 1Effects of different amounts of dietary selenium on mRNA levels for a subset of selenoproteins in different organs of male BALB/c mice (*n* = 6) (*a*, *b*) Significant difference (*P* \< 0.05) by ANOVA. Values are means ± SEM relative to baseline, group treated with 0.1 mg Se/kg diet. Beta-actin was used as internal control gene for normalization. *White bars* Se-deficient group (0.045 mg/kg); *light gray bars* Se-adequate group (0.1 mg/kg); *gray bars* Se-supernutrition group (0.4 mg/kg); *dark gray bars* Se-excess group (0.8 mg/kg). Values represent fold change in comparison with the transcription level of the group treated with 0.1 mg Se /kg diet

Discussion {#Sec4}
==========

In our current study, to exclude limitations of sex hormone-dependent control of selenoprotein expression \[[@CR22]\], male weanling mice were fed diets containing different Se levels. Consistent with several previous studies \[[@CR23]--[@CR25]\], we did not observe a significant effect of dietary Se on growth, even at 0.8 mg/kg body weight, suggesting that Se-dependent effects on growth occur above this level. Additional experiments using higher concentrations of Se should be pursued in the future to examine toxicity.

The dietary requirement for Se is 0.1 mg/kg for mice, according to the National Research Council \[[@CR26]\]. In the present study, when mice were fed 0.8 mg Se/kg in the diet, results were in agreement with similar data from rat tissues \[[@CR25]\], namely that there were significant increases in liver and kidney Se concentrations, which were 187 and 175 %, respectively, of the levels observed in mice fed a diet of 0.1 mg Se/kg. This is possibly due to selenosis induced by a high dose of inorganic Se. ALT and AST activities in serum are markers of liver damage, and the elevated AST activities suggest that 0.4 mg Se/kg causes modest liver damage.

SCr and BUN levels directly reflect the metabolic status of protein in the body, and are standard indicators of renal damage. In the present study, SCr and BUN levels were both increased when mice were exposed to either 0.4 or 0.8 mg Se/kg, which indicated selenosis induced by Se toxicity in the kidneys. It is noteworthy that the level of BUN, but not that of SCr, was increased in the 0.045 mg Se/kg group as compared to the Se-adequate group. This differential effect on these two parameters suggests that glomerular filtration is normal and creatinine can be readily cleared. Hence, a higher degree of oxidative stress in the kidneys was likely produced in the 0.4 mg Se/kg or 0.8 mg Se/kg diet group, compared to the 0.045 mg Se/kg diet group.

The liver and kidneys are important antioxidant organs in mice. Organ index is a more accurate measure than single organ mass for assessing overall effects. During the experimental period, Se-excess caused an increase in the liver and kidney organ index, which suggested that both liver and kidney damage occurred.

Normal levels of Se present during homeostasis up-regulate endogenous antioxidant defenses by increasing GPx activity \[[@CR27]\]. Se acts indirectly as an antioxidant through its incorporation into the enzyme Se-dependent GPx \[[@CR28]\]. In the present study, the activity of GPx in the liver increased in animals fed a diet containing 0.4 mg Se/kg, but the activity was decreased when Se levels were increased to 0.8 mg/kg. Dietary Se resulted in dose-dependent increases (*P* \< 0.05) in Se concentrations and GPx activities in the liver. Data from the present study also agree with previous reports \[[@CR13]\]. In the group fed with Se at a dose of 0.4 mg/kg, an increase in GPx activity is likely based on a free radical mechanism. This is because at higher concentrations, Se reacts with GSH to form a highly reactive redox species, GSSe^--^, a selenopersulfide \[[@CR12]\], that further reacts with GSH to generate superoxide anion.

However, excess Se intake can result in adverse health effects. Thus, altered GPx levels may expose liver cells to oxidative stress. This study demonstrated that different types of oxidant--antioxidant imbalance may be induced by dietary modulation. It has been reported that Se toxicity was related to the generation of reactive oxygen species \[[@CR29]\]. The active site of Se-dependent GPx is a selenocysteine that is incorporated into the enzyme during protein synthesis \[[@CR30]\]. Inasmuch as the toxicity of Se is thought to be related to the generation of reactive oxygen species \[[@CR29]\], it may be concluded that the process of cell damage induced by excess Se triggers the breakdown of regulatory controls and associated loss of protein synthesis, which is accompanied by the decrease of GPx activity. The MDA levels we observed are consistent with the level of lipid peroxidation (LPO) found in tissues \[[@CR31]\]. A highly significant increase in LPO was recorded in the liver of mice fed on both 0.4 and 0.8 mg Se/kg diets, compared to the Se-adequate diet-fed animals. The marked increase in LPO in the 0.8 mg Se/kg diet group can be explained on the basis of decreased levels of GPx, which would lead to peroxide accumulation and oxidative stress.

To investigate the effect of differences in Se status on mRNA expression of antioxidant selenoproteins, we examined the regulation of GPx1, GPx3, GPx4, and SelW. In agreement with the previous study \[[@CR20]\], supernutritional Se (0.4 mg/kg) status did not change GPx1 or GPx4 mRNA levels in the liver, but did affect GPx3 and SelW. This suggests that hepatic GPx3 and SelW are more sensitive to Se overexposure than other genes. Indeed, Se overexposure had an adverse effect on the hepatic level of GPx3 mRNA. However, a diet containing 0.4 mg Se/kg increased the expression of all four genes in the kidney. Numerous studies have shown that SelW levels increase in response to dietary Se supplementation. Previous studies have shown that upon Se-depletion, SelW and GPx4 mRNA were decreased in colonic mucosa from rats and in human intestinal Caco-2 cells \[[@CR32]\], whereas, SelW mRNA was increased in the tongue from rats and sheep \[[@CR33], [@CR34]\]. In rats with a severely Se-deficient diet, Gpx4 mRNA levels were unchanged in the liver and heart compared to animals on normal diets \[[@CR6]\]. In our experiment, excess Se (0.8 mg/kg) led to decreased GPx1, GPx3, and GPx4 mRNA levels in the liver, but the mRNA level of GPx4 in the testis were not influenced by dietary Se. In view of the above findings, one can conclude that oxidative toxicity induced by varying Se concentrations modulates the expression of GPx1, GPx3, GPx4, and SelW. This strongly suggests that there is an underlying mechanism involving Se-dependent regulation of selenoprotein mRNA levels, although further studies will be required to elucidate this mechanism.

We suggest there are at least two possible explanations for the effects of Se observed in this study. First, the liver and kidneys are more sensitive to redox imbalance than the testis, consistent with the relatively stable metabolism of Se in the testis. Second, GPx4 is prominent among the antioxidant selenoprotein family of proteins that are affected by Se deficiency or excess, and the mRNA level of this gene exhibits relatively slow changes in response to changes in environmental Se status. For these selenoproteins with Se-regulated mRNA levels, it will also be important to determine if the protein levels of the selenoproteins are also regulated by Se status.
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